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HYPERSONIC AERODYNAMIC CHARACTERISTICS OF THE
M2-F2 LIFTING ENTRY CONFIGURATION*
By John A. Axelson and Jack A. Mellenthin

Ames Research Center
SUMMARY

The hypersonic aerodynamic, characteristics of the M2-F2 lifting entry
configuration have been measured in the Ames 3.5-Foot Hypersonic Wind Tunnel
at Mach numbers of 5.2, 7.4, and 10.4 with test Reynolds numbers varying
between 0.7 and 1.6 million. Aerodynamic force and static-stability charac-
teristics are presented for a range of angles of attack from -150 to +h5o,
extending from negative lift coefficients to maximum 1lift coefficient.

The trimmed maximum lift-drag ratio was 1.30 at the three test Mach
numbers and occurred at a 1ift coefficient of 0.20 near an angle of attack of
12°., The maximun trimmed 1ift coefficient was 0.45 and occurred at an angle
of attack of 37° with a corresponding lift-drag ratio of 0.8. The lower pitch
flap provided an effective longitudinal trim capability from maximum 1lift to
zero lift. The static margin was 6 percent of the reference length at maximum
lift-drag ratio and increased at the higher and at the lower angles of attack.
Differential rudder deflection provided favorable lateral-directional control
characteristics, and rudder flare was very effective for augmenting the other-~
wise marginal directional stability and for increasing the ratio of
directional to lateral stability.

INTRODUCTION

Analytical studies, typified by references 1 and 2, indicated that
significant reductions in peak heating and in peak deceleration could be
achieved during atmosphere entry through the use of a lifting body. Favor-
able reductions in stagnation-point aerodynamic heating rate were indicated
to accrue from flying at high 1ift coefficients, which shifts the peak heating
to higher altitudes. Trajectory studies indicated an attractive lateral-range
capability of 1000 nautical miles (the approximate spacing between consecutive
orbits at the latitudes of the United States) with a hypersonic lift-drag
ratio of 1.3, and also indicated the need for a capability of reducing the
1ift during part of the entry trajectory to avoid "skipping out" of the
atmosphere.

The development of the lifting body initially designated the M2 was
reported in references 3 and 4 and was in accord with the foregoing hypersonic
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requirements, that is, stable, controllable flight over the wide range of

angles of attack from zero lift to maximum 1ift and a meximum lift-drag ratio
of 1.3. In addition, the stability and controllability were to be maintained
throughout the flight envelope down through a conventional landing capability.

Studies in support of the lifting-body flight-test program at the NASA
Flight Research Center led to three modifications of the M2, namely, the aft
extension of the bosttail, aft displacement of the rudders, and replacement of
the former pair of lower flaps by a single larger flap mounted farther aft.
Intervening studies of this modified version which is designated the M2-F2 are
reported in references 5, 6, and 7. The purpose of the present report is to
document the updated hypersonic aerodynamic characteristics for the M2-F2.

NOTATION
b model span
Cp drag coefficient, 95%5
. - 1ift
1lift coeffic t
GL llen,—a.-s——
— o s rolling moment
Cy rolling-moment coefficient, a5b
Cy lateral-stability parameter, BCZ
C pitching-moment coefficient, pitchingzmoment
q
CN normal-force coefficient, ggxmgégfgxgg
Cn yawing-moment coefficient, yawinisgoment
CnB directional~-stability parameter, 9Cp
Cy side-force coefficient, §ig§a§9£9§
L . .
D lift-to-drag ratio
1 model reference length

M, free-stream Mach number
q dynamic pressure
S

planform area
a angle of attack
sideslip angle

o) control deflection
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Subscripts
f lower piteh flap
r rudder
5 moments referred to stability axes
EXPERIMENT

Facility and Test Conditions

The measurements were performed in the Ames 3.5-Foot Hypersonic Wind
Tunnel, a blowdown type in which compressed air is heated during passage
through a pebble-bed heater and is then accelerated through one of several
interchangeable nozzles leading to the 3.5-foot-diameter test section. The
total temperature of the air passing through the test section was nominally
1900° R (~1050° K) for the three test Mach numbers of 5.2, 7.4, and 10.4%. The
total pressures were approximately 7 atmospheres at M = 5.2, 36 atmospheres
at M = 7.4, and either 36 or 68 atmospheres at M = 10.4. The test Reynolds
numbers for the present model of 1-foot reference length were 0.9 million at
M=5.2, 1.5 million at M = 7.4, and 0.7 or 1.1 million at M - 10.k.

The model was sting mounted on a hydraulically actuated, servo-controlled
support system which was operated through an angle-of-attack range from —50 to
+15°. In order to cover a broader range of angles extending from -150 to +h5o,
the model was tested in both the inverted and upright attitudes for each of
two model-sting attachments accommodating 0° or 30° model incidence. Sideslip
tests were performed by rolling the model 90° on the sting support and testing
at 0° and 30° model incidences through sideslip angles from -15° to +5°. The
aerodynamic forces and moments acting on the model were measured with a l-inch-
diameter, six-component, strain-gage balance maintained at room temperature
by a circulating water jacketb.

Model

The details of the model, dimensionless with respect to the reference
1-foot length, are shown in figure 1. The present model is the same 12-inch
model reported in reference 3 but modified to the M2-F2 configuration by the
addition of the boattall afterbody and the alteration of the rudders and lower
pitch flap. Photographs in figures 2 and 3 show details of thg model,oinclud-
ing the boattail addition, the simulated flared rudders, the 0  and 30  inci-
dence mounts, and two representative canopies which were also investigated.
Further details of these canopies are shown in figure 4. Unless otherwise
specified, the aerodynamic measurements presented in this report are for the
model without the canopy.
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Precision

The test Mach numbers are considered to be accurate within limits of
#0.03 at M = 5.2 and within #0.05 at M = 7.4 and 10.4. The dimensionless
aerodynamic coefficients are considered accurate within *2 percent at M = 5.2
and within %3 percent at M = 7.4 and 10.L4. The angles of attack and sideslip
are accurate within #0.2°, which uncertainty is included in the preceding
quoted accuracies for the coefficients. The deflection angles of the controls
are accurate within 0.3°.

PRESENTATTION OF RESULTS

The order of presentation of the results is summarized here and in
table I. The experimental results are first introduced in their entirety here
and then are discussed in detail in the discussion section of the report.
Finally, empirical equations for the longitudinal characteristics and numerical
values for the lateral-directional parameters are presented in the appendix
for use in future simulator studies.

Longitudinal Characteristies

The 1lift coefficients, pitching moment coefficlents, and lift-drag ratios
for the basic model (canopy removed) with 0° and 25° rudder flare are pre-
sented in figures 5, 6, and 7 for the three test Mach numbers of 5.2, 7.4, and
10.4, respectively. The corresponding drag polars are presented in figure 8.
These data (figs. 5 through 8) are for the model with 0° flap and identify the
maximm trimmed angles of attack and the untrimmed conditions throughout the
lower angles of attack.

Figures 9 through 12 present the effects of pitch-flap deflection on the
longitudinal characteristics and show the conditions for longitudinal trim.
Included in figures 6, 8(b), and 12(b) are the test results for the model with
fins removed, and with both the fins and the boattail addition removed. The
effects of adding the large and the small canoples are shown in figure 13
for M=5.2 and in figure 14 for M=10.k4, Figure 15 summarizes the longitu-
dinal aerodynamic characteristics at trim and includes the drag due to lift
for the model longitudinally trimmed and untrimmed.

Lateral-Directional Stability

The variations of yawing-moment and rolling-moment coefficients with
sideslip angle for an angle of attack of 0° are shown in figures 16, 17,and 18
for the model with several different rudder flare angles, in figure 19 for the
model with the large canopy, and in figure 20 for the model with the small
canopy. Two sets of yawing-moment and rolling-moment coefficients are shown
for the model at 30° angle of attack in figures 21 through 28, one set being
referenced to the body axes and the other to the stability axes. Results for
the model with several rudder flare angles comprise figures 21 through 26,
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while figures 27 and 28 show the effects of adding the canopies at 10.L4 Mach
number. A summary of the effects of rudder flare on static directional and
lateral stabilities is presented in figure 29, which includes theoretical
estimates for comparison with experiment.

Differential-Rudder Characteristics

The yawing-moment and rolling-moment coefficients for the model with
differentially deflected rudders are presented in figures 30 and 31 for side-
slip tests at 0° angle of attack and in figures 32 and 33 for 30° angle of
attack. The yawing-moment and rolling-moment coefficients at 0° sideslip
throughout the test range of angles of attack are shown in figures 34 and 35
for Mach numbers of 7.4 and 10.4, respectively.

Side-Force Coefficients

The variations of side-force coefficient with sideslip angle for model
angles of attack of 0° and 30° and for several different rudder flare angles
are presented in figure 36. Side-force coefficients for the model with the
large canopy and with the small canopy are shown in figure 37.

Body-Alone lLateral-Directional Characteristics

The yawing-moment, rolling-moment, and side-force coefficients for the
model with and without the fins and rudders are shown in figures 38 and 39.

DISCUSSION

Lift

The 1ift curves for the model with the flap retracted were almost linear
between angles of attack of 0° and 30° (figs. 5(a), 6(a), 7(a)). As the
deflection angle of the pitch flap was increased, there was an increase in the
slope of the 1ift curves corresponding to fixed flap settings (figs. 9, 10,
11). Interestingly enough, however, the trimmed 1ift curve (fig. 15(b)) had
the same 0.011 per degree slope as the model with the flap retracted (figs. 5,

6, 7).

The highest 1ift coefficients measured near 45° angle of attack were
0.45 at M=7.4 (fig. 6(a)) and 0.48 at M=5.2 and 10.4 (figs. 5(a), 7(a)).
The maximum trimmed 1ift coefficient varied from 0.4k at M=10.4 to 0.L2 at
M = 5.2; these values reflect the corresponding reduction in maximum trim
angle of attack from 37° to 330. (Somewhat higher trimmed 1ift coefficients
and greater angles of attack would result with a reference moment center
closer to the neubral point, but this would, of course, entail a reduction in
the static margin.)
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The angle of attack for zero lift for the untrimmed model with the flap
retracted was approximately -6° (figs. 5(a), 6(a), 7(a)). Deflecting the flap
60° produced trim very close to zero lift near « = -7° at M=5.2 (fig. 9).
Trimned zero lift was not quite reached with the 60° flap deflection at the
two higher test Mach numbers (figs. 10(a), 11(a)).

Drag
The minimum drag coefficients for the M2-F2 model with various rudder

and flap settings and with each of the two (large and small) canopies are as
follows:

Mach Reynolds Rudder Pitch
number number, Canopy flare, flap, CD
million deg deg min
5.2 0.9 Off 0 0 0.065
0.9 off 25 0 o7k
0.9 Off 25 45 Nora
0.9 Off 25 60 .081
0.9 Large 25 60 .088
0.9 Small 25 60 . 086
Tl 1.6 Off 0 0 061
1.6 off 25 0 .069
1.k Off 25 L5 .073
1.k Off 25 60 076
10.4 0.7 off o} 0 . 067
0.7 off 25 0 072
0.7 Off 25 L5 . 069
0.7 off 25 60 075
0.7 Large 25 60 076
0.6 Small 25 60 076

The minimum drags generally occurred within *1° of -LO angle
of attack.

The variations of drag coefficient with lift coefficient (fig. 8) were
very nearly parabolic for angles of attack up to 300 and 1lift coefficients to
Oelh. This parabolic relationship, previously noted for the M2 shape in
reference 3, is exemplified here for the M2-F2 by the almost linear plots of
drag coefficient versus the square of the lift coefficient as shown in
figure 15(a). It was pointed out earlier that the slopes of the trimmed and
untrimmed (Sf = 0°) lift curves were approximately equal. A similar relation-
ship may be noted in figure 15(a) which indicates surprisingly close agreement
between the drag due to lift for the trimmed model (symbols) and for the
untrimmed model with the retracted flap (dashed lines).

6 i,




Lift-Drag Ratio

A lifting entry vehicle has the advantage of achieving favorable
reductions in aerodynamic heating rate over the nose by flying at high 1ift
coefficients during atmosphere entry (ref. 2), thus shifting the peak heating
phase to increased altitudes. The attainment of high 1ift requires flight at
higher angles of attack and subjects the vehicle's lower surface to greater
windward exposure and increased local heating rates. The study in reference 8,
however, indicates that the critical heating rate on the lower piteh flap
decreases with increasing vehiecle angle of attack because of the reduction in
flap setting required for longitudinal trim.

The hypersonic lift characteristics of lifting bodies are similar to
those exhibited by lifting surfaces of very low aspect ratio in that high
angles of attack are required to develop maximum lift. As shown by the lift
curves for both the untrimmed model (figs. 5(a), 6(a), 7(a)) and the trimmed
model (figs. 9(a), 10(a), 11(a), 15(b)), achieving high 1ift coefficients
requires angles of attack well beyond that for meximum lift-drag ratio. These
angles of attack between (L/D)yax and O, define the so-called "backside"
of the L/D curve, and here extend upward from approximately 10°.

As noted in reference 3 for the earlier M2, the present M2-F2 model also
demonstrated an essentially linear reduction in lift-drag ratio with increas-
ing angle of attack throughout the back side of the L/D curve. The maximum
trimmed lift-drag ratio of 1.3 at 12° angle of attack decreased to 0.8 near
36° angle of attack (fig. 15(c)). The maximum value of 1.3 meets the original
objective of providing a 1000 nautical-mile lateral-range capability, the

approximate spacing between consecutive orbits at the latitudes of the United
States.

Longitudinal Stability and Control

The highest trimmed angles of attack for the M2-F2 model with the flap
retracted were 33° at M=5.2 and 37° at M=7.4 and 10.4 (fig. 15(d)). These
angles were smaller than the 45° measured for the earlier M2 (ref. 3) which
had the same reference moment center, but did not have the boattail addition.

The pitch flap provided an effective longitudinal trim capability over
the angles of attack comprising the back side of the L/D curve and also
down to zero lift (figs. 9, 10, 11). The 60° flap deflection was sufficient
to achieve trimmed zero lift at M=5.2, but a slightly greater deflection
would have been required at the other test Mach numbers. The flap deflection
required for trim at (L/D)max varied from 30° at M=5.2 to 38° at M=10.k.

The slopes at trim (C, = 0) of the plots of normal-force coefficient
versus pitching-moment coefficient for the several different pitch-flap set-
tings (fig. 12) indicate that the longitudinal static margins (fig. 15(e))
were about 6 percent of the reference length near maximum lift-drag ratio
and increased to values near 8 and 10 percent at the highest and lowest trim



attitudes for all three Mach numbers. For any fixed flap setting, the

untrimmed longitudinal stability increased with angle of attack because of the
nonlinear pitching-moment characteristics (fig. 12).

Canopy

The most apparent effect of adding the large canopy to the model was the
sizable reduction in negative trim angle of attack from -T° to -15° at M=5.2
with the flap deflected 60° (fig. 13(b)). The corresponding shift in trim
angle of attack was only 2° at M = 10.4 (fig. 14(b)). Adding the small
canopy caused a minor trim change at M = 5.2 but had a negligible effect at
M = 10.4k, Neither canopy exerted any significant effect on the 1ift character-
istics or on the maximum lift-drag ratios (figs. 13(a), (c), 14(a), (c¢)). As
the angle of attack was increased, the canopies passed progressively into the
leeward "shadow” of the nose and exerted a diminishing influence on the hyper-
sonic aerodynamic characteristics in pitch and in sideslip. The addition of
the large canopy at o = 0° slightly decreased the directional stability from
approximately 0.0040 (appendix A) to 0.0037 (fig. 19), but had no effect on
Cn at o = 30°. The small canopy did not significantly reduce directional
stability.

Lateral-Directional Reference Axes

Lateral-directional moment characteristics are usually presented for
the body-axis system and generally suffice for studies of aircraft in the
small angle-of-attack range (~10°) and when the principal axis is coincident
with or very near the body longitudinal axis through the center of gravity.
(The principal axis is that axis about which the minimum moment of inertia
occurs and about which the aircraft tends to roll.) The principal axis of the
M2-F2 configuration is inclined rearwardly downward with respect to the longi-
tudinal body axis by an angle of about T° for the present reference moment
center (fig. 1). For higher locations of the center of gravity this angle is
reduced. Because this inclination angle is reasonably small, the present
experimental results for the body axes are counsidered representative of the
characteristics about the principal axis. The more pertinent point in the
present study is the very large range of angles of attack (approaching 40°).
At the previously cited maximum trim angle of attack of 37°, the principal
axis would be inclined L4C relative to the wind, considerably beyond the val-
uves characterizing conventional aircraft studies. To aid in interpreting the
present experimental results, the rolling-moment and yawing-moment coeffi-
cients for the high angles of attack are shown for both the body axes and the
stability axes. The body-axes results are considered more meaningful for
assessing lateral control and response, while the stability-axes results
should prove useful for studies relating to flight or to a simulator where
orientation and response are sensed with respect to the horizon.
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Lateral-Directional Stability

The most important point vividly demonstrated in the present plots of
yawing-moment coefficient versus angle of sideslip (figs. 16 through 20 for
a = 0°; figs, 21 through 28 for o = 30°) is the effectiveness of rudder flare
in increasing hypersonic directional stability. Because of the difference in
lever arms of the rolling and yawing moments produced by the rudders, rudder
flare had relatively little effect on lateral stability as shown in the sum-
mary plot of figure 29. Another implication of these results is that rudder
flare increased not only the directional stability, but also the ratio of
directional to lateral stability, a parameter important in avoiding such
dynamic problems as Duteh roll.

Theoretical estimates of the incremental effects of rudder flare on
directional and lateral stability at an angle of attack of 0° are also shown
in figure 29. Inviscid oblique-shock theory was used to estimate the loadings
on the flared rudder surfaces, assuming the local Mach number at the rudder
hinge line equal to the free-stream Mach number. There was good agreement at
5.2 Mach number (figs. 29(a), (b)) where the directional stability increased
almost linearly with rudder flare. The inviscid theory underestimated the
degree of nonlinearity and the peak stabilities measured for 35° rudder flare
at the two higher Mach numbers (figs. 29(c) through (f)). This disagreement
is attributed to the lack of the theory in accounting for the probable flow
separation at the rudder hinge line and for the forward carry-over of flared-
rudder loading on the upwind fin surface.

Prineipal-Axis Inclination and Lateral Control

It was previously pointed out that by flying at high 1lift coefficilents,
the lifting entry vehicle would encounter reduced aerodynamic heating rates
during atmosphere entry (ref. 2). As the angle of attack and the principal-
axis inclination are increased, however, an aerodynamically stable vehicle
becomes incapable of performing pure roll maneuvers about its principal axis.
To illustrate this point, consider the example of an abrupt 90° bank performed
with a stable vehicle flying at a high angle of attack (e.g., the present
M2-F2 at its maximum trim angle of attack of 37°, rolling about its 4L°
inclined prineipal axis). The important point is that the principal-axis
inclination tends to convert to a large sideslip angle as the vehicle rolls
toward the 90° bank angle. With the development of the large sidesllp angle,
there results a concurrent buildup of large, restoring, rolling, and yawing
moments and an out-of -trim pitching moment. These counter-rolling and -yawing
moments tend to be larger than the actuating rolling and yawing moments attain-
able with any reasonably sized aerodynamic roll control. Pure rolling motion
is thus inhibited, and there results increased apparent lateral stability of
the vehicle and excursions in both the angles of attack and of sideslip during
attempted rolls. This apparent dilemma inhibiting rolling maneuvers, particu-
larly at high angles of attack, may be circumvented by the use of differential
rudder deflection which combines augmenting sideslip with dihedrally produced
rolling moments acting in the desired roll direction, rather than oppositely
as cited in the preceding "pure roll" maneuver. The rolling motion caused by
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differential rudders (which has been demonstrated in flight and on a simulator)
is not a one-degree-of-freedom roll bub, rather, involves augmenting sideslip
through the roll and a continual change in the orientation of the principal
axis. This "coning” or constant angle-of-attack rolling motion of the princi-
pal axis is coupled to the sideslip response rate (which decreases as the
coning angle and angle of attack are increased), and to the magnitude of the
augmenting rolling moment prevailing at the trimmed sideslip angle.

Differential-Rudder Characteristics

The present experimental results for differential rudders indicate
adequate rolling-moment coefficients at sideslip trim for 0° angle of attack
(C; Dbetween 0.003 and 0.007, figs. 30, 31) and larger values for 30° angle
of attagk (CZ between 0.010 and 0.017, fig. 32; CZS between 0.007 and 0.010,
fig. 33).

The combined effects of differential rudder deflection on the sideslip
angle for trim and on the degree of directional stability on each side of trim
may be observed in figure 31. As the right-hand rudder having the 35° deflec-
tion became more windward, there was an increase in the directional stability.
Conversely, as the O° left rudder became more windward (at the large negative
sideslip angles), there was a decrease in the directional stability. Thus the
different slopes of the curves indicate different levels of stability on oppo-
site sides of the trim points in sideslip (fig. 31) similar to the previously
cited differences in longitudinal stability on opposite sides of the trim
angle of attack (fig. 12).

The lateral-directional moment characteristics in sideslip (figs. 30
through 33) indicate adequate rudder effectiveness at angles of attack of o°
and 300. The lateral-directional characteristics measured in pitch (figs. 3k,
35) indicate rudder effectiveness at all angles of attack tested, but with
reduced effectiveness around o = 5° where the rudders were partially
immersed in the body boundary layer. There was a sgall adverse rolling moment
about the body axis in these measurements at B = 07, but this moment would be
replaced by an augmenting rolling moment as the vehicle sought its trimmed

sideslip angle (where C, = 0).

Side-Force Coefficients

The only noteworthy features of the side-force coefficients were the
increased values accompanying increased rudder flare angle (fig. 36) and
increased angle of attack (appendix A).

Characteristics of Body Alone

The aerodynamic characteristics measured for the M2-F2 body (including
the boattail addition) indicate that removing the fins and rudders had little
effect on the longitudinal force characteristics (fig. 6) and on the lateral-
moment and side-force characteristics (figs. 38, 39). The principal effects
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of removing the fins and rudders were to alter the longitudinal characteris-
tics at negative angles of attack (fig. 6) and to render neutral directional
stability about the body axes (fig. 38(a)). Removal of the fins and rudders
did not significantly change the rolling-moment characteristies (figs. 38(b),
39(b)), because the lateral stability is derived primarily from the body
pressure forces acting normal to the conical surface and converging to the
body half-cone centerline, which is above the reference moment center (fig. 1).

CONCLUSTIONS

The following hypersonic aerodynamic characteristics were indicated for
the M2-F2 lifting entry configuration at the three test Mach numbers of 5.2,
7.4 and 10.k4:

1. A trimmed, maximum 1ift-drag ratio of 1.3 near 12° angle of attack at
a lift coefficient near 0.20,

2. A trimmed maximum 1lift coefficient near 0.45 with a corresponding
lift-drag ratio of 0.8,

3. A longitudinal trim capability from zero lift to maximum 1lift using
the lower pitch flap,

L. A longitudinal static margin near 6 percent of the reference length

in the vicinity of (L/D)max3 greater margins at lower and higher angles of
attack,

5. Adequate lateral and directional stability including effective
control of the level of directional stability and of the ratio of directional
to lateral stability by the use of rudder flare,

6. Adequate lateral-directional control through the use of differential
rudder deflection.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, June 3, 1968
124-07-02-22-00-21




APPENDIX A

EMPIRICAL LONGITUDINAIL: AND TABULATED DIRECTIONAL CHARACTERISTICS

Empirical equations for the longitudinal aerodynamic parameters of the
M2 were presented in reference 3 to assist computer and simulator studies.
The following equations update these relations to fit the current M2-F2
results within %3 percent.

Cr, = 0.060 + 0.0llo, (fixed flap setting; 0° < « < 30°)
trim Cp, = 0.075 + 0.0llo. (varying flap setting; 0° < « < 30°)
Cp = 0.065 + 2.30 ¢;Z (0° < a < 30°)
L/D = 0.80 + 0.021 (36 - a) (10° < o < 45°)

Values for the aerodynamic parameters in sideslip for the model without
canopy and with 25° rudder flare are:

@ {M=5.2}M=7.4|M=10.k
cnB 0° | 0.00k0 | 0.0039 0.0041
CZB -.0022 -.0020 -.0018
cYB v -.0128 -.0125 -.012k
an 30° .0035 .0031 .0030
ClB -.0030 -.0030 -.0030
cYB -.0180 -.0184 -.0195
CnSB .00k45 .00k2 .00k43
¢y, |V | --0009 | -.0011 -.0013

B
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TABLE I.- DATA SUMMARY

Flap Rudder
Figure| Parameter M setting, flare, Canopy Additional
deg deg
(a) Longitudinal aerodynamic characteristics (o variable, B = 0°)
5(a) Cp, vs. 5.2 0 0,25 Off
b Cy vs. «
(e) L/D vs. a
6(a) Cr, vs. @ 7.4 0 0,25 off Body included
(b) Cp VS. a
(c) L/D vs. a
7(a) | Cpvs. @ 10.4 0 0,25 | Off
(p) Cp VS. o
(c) L/D vs. o
8(a) Cr, vs. Cp 5.2 0 0,25 Ooff
(v) 7.k Body included
c) 10.4
9(a) CL, vs. « 5.2 0,15,25, 25 Off
(v) Cp VS. o 35,45,60
(c) L/Dvs. a
10(a) Cr, ve. a 7.4 0,15,25, 25 Off
(b) | Cmvs. a 35,45,60
(e) L/Dvs. o
11(a) Cr, vs. a 10.4 0,15,25, 25 off
(b) | Cnvs. a 35,45,60
(e) L/Dvs. a
12(a) Cp ve- Cy 5.2 0,15,25, 25 off
(v) 7.4 35,45,60 Body included
(e) 10.4
13(a) CI, vs. 5.2 60 25 Large &
(b) Cp VS. o small
(e) L/Dvs. o
14(a) | Cp vs. 10.4 60 25 Large &
(v) Cp VS. small
(c) L/D vs. o
15(a Cp vs. C1% |[5.2,7.4, | 0,15,25, 0,25 off Trimmed
b CT. vs. o 10.4 35,45,60 25
c L/D vs. a
a vsS. a
(e) |acy/aCy vs. o
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TABLE I.- DATA SUMMARY - Continued

Aiiéﬁi Rudder
Figure | Parameter M a setting, flare, Canopy
deg deg
(b) Lateral-directional aerodynamic characteristics

16(a) | C, vs. B 5.2 0 60 0,25,35 off
(b) | C; vs. B

l7éa) C, vs. B 7.4 0 60 0,15, off
b) Cl ve. B 25)35

18(a) | Cp vs. B 10. k4 0 60 0,15, Off
(b) | C1vs. B 25,35

19(a) | C, vs. B 5.2,7.4, 0 60 25 Large
(b) | Cy vs. B 10.4

20(a) | Cp vs. B 5.2,7.4, 0 60 25 Small
(b) | Cyvs. B 10.4

21(a) | Cp vs. B 5.2 30 15 0,25 Off
(b) | Cz vs. B

22(a) Cn, V8 5.2 30 15 0,25 Off
(b) CZS vs

23$a) Cpvs. B T4 30 15 0,15, Off
b) | Cyvs. B 25,35

2h(a) Cpg V8- B 7.4 30 15 0,15, Off
(b) | Cigvs. B 25,35

25(a) | Cavs. B 10.4 30 0 0,15, Off
(b) Cl vs. B 25)35

26(a) | Cpg vs. B 10.4 30 0 0,15, off
() | co  ve. 8 29,39

27(a) | Cnvs. B 10.4 30 35 25 Large &
(b) | Cyvs. B small

28(a) | Cng vs. B 10.4 30 35 25 Large &
(b) CZS ve. B small

<MEANRE—. 15
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TABLE I.- DATA SUMMARY - Continued

Flap Rudder
Figure | Parameter M o setting, | flare, Canopy
. deg deg
(b) Lateral-directional aerodynamic characteristics
29(a) | Dir. Stab. 5.2 0,30 60,15 0,15, Ooff
(b) | Lat. Stab. 25,35
(¢c) | Dir. Stab. 7.4 0,30 60,15 0,15, Off
(d) | Lat. Stab. 25,35
(e) | Dir. Stab. 10. 4 0,30 60,0 0,15, Ooff
(f) | Lat. Stab. 25,35
30(a) | Ch vs. B 5.2,7.4, 0 60 Left 15, | Off
(b) | Cy vs. B 10.4 right 35
3l§a) Ch vs. B 5.2,7.4, 0 60 Left O, Off
b) | Cp vs. B 10.4 right 35
32(a) | Ch vs. B 5.2,7.4, 30 15,0 Left 15, | Off
(b) | C7 vs. B 10.4 right 35
33(a) | Cng vs. B 5.2,7.4, 30 15,0 Left 15, | Off
(v) Cy. vs. B 10.4 right 35
34(a) [CnsCng vs- @ 7.4 Variable 45,25 Left 15, | Off
(b) Cy5Cy V8. @ right 35
35(a) | Cn,Cng vS. o 10.4 Variable 60,45,0 Left 15, | Off
(b) | C1,C1g vs. @ right 35
36(a) | Cy vs. B 5.2 0 60 0,25,35 Off
(b) 30 15 0,25
() 7.4 0 60 0,15,
25,35
(a) 30 15
(e) 10.4 0 60
(£) 30 0
37(a) | Cy vs. B 5.2ﬁ7.h, 0 60 25 Large
10.
(b) 5'2)701“: 0 60 Small
10.k4
(e) 10.4 30 35 Large &
small

16
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TABLE I.- DATA SUMMARY - Concluded

Flap Rudder
Figure| Parameter M ed setting, flare, Canopy
deg deg
(b) Lateral-directional aerodynamic characteristics
38§ag Ch vs. B 10. 4 0 60,0 0 on & off | Off
b Cy vs. B
()| Cyvs. B
39(a) |Cn,Cng vs. B 10.4 30 0 O on & off | Off
(b)|C1,C15 vs. B
Cy vs. B

17
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A-36842
(a) Small canopy.

A-36843

(b) Large canopy.

Figure 2.- Side views of the M2-F2 model with the large and small canopies.
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(b) 30° incidence mount.

Figure 3.- Rear views of the M2-F2 model.

A-36839

A-36841
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(b) Large canopy.

Figure 4.- Canopy details.
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38 i




W

.03
>
02 /
. 7 In
s
ol oV
5 & Lot
—1/
Lot
-.0l =0} v
T /é?
c o] v
n -02 //O
-.03 4/
4 o4
// f
Jovd Rudder
-04 / fiare
Q/ o ¢
_ A 258°
05 L~ / O 35°
- 06 //
-07 C/
(a) Yawing-moment coefficient.
.04
03 R
\§
0~\ S~
oz \\o~ \&&
~
.0l oK
0 o 3y
-0l ‘3t;;§>
-.02
-16 -12 -8 -4 0 4 8
B, deg

(b) Rolling-moment coefficient.
Figure 16.- Effects of rudder flare on the lateral-directional momént

charactgristics of the M2-F2 model in sideslip; M = 5.2, a = OO,
5f = 60°.
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Figure 18.- Effects of rudder flare on the lateral-directional moment
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Figure 21.- Effects of rudder flare on the lateral-directional moment

characteristics of the M2-F2 model in sideslip; M = 5.2, a = 30°,
&p = 15°; body axes.
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Figure 2L.- Effects of rudder flare on the lateral-directional moment

characteristics of the M2-F2 model in sideslip; M = 7.4, o = 30°,
df = 150; stability axes.
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Figure 26.- Effects of rudder flare on the lateral-directional moment
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M= 10.4%, o = 0°.

oS 65



02
P
Ol » e o
§ e
o ’KV PR
g O A A A — 4wy "
c —T Py
]
L
?/
-.02
(a) Yawing-moment coefficient.
.03
02 = A Fins 8r
' N s off
= ~<] ] v On O°
(5,’, ol \»\E\{i\ Flags denote
’ = stability axes
= v
o
S 0O
-0l N
. e
e
-02
(b) Rolling-moment coefficient.
2
"l
| T~
) .y
Cy -
© % V\K
\V\“
: A
iy I
-12 -8 -4 0 4 8

B, deg
(¢) Side-force coefficient.

Figure 39.- Characteristics in sideslip of the M2-F2 body with and without fins;
M= 10.4, o = 30°, &p = 0°.

66 i




"The aeronautical and space activities of the Uniied Siaies shall be
conducted so as to contribute . . . io the expansion of human knowi-
edge of phenomena in the aimosphere and space. The Adminisization
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

‘CHNICAL PU

ASA SCIENTIFIC AND T

I

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless of
importance as a contribution to existing knowledge.

% TECHNICAL MEMORANDUMS: Infermation receiving limited distribu- I
tion because of preliminary data, security classification, or other reasons. -
CONTRACTOR REPORTS: Scientific and technical information generated
under a NASA contract or grant and considered an important contribution to
existing knowledge.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information derived from or of value to NASA
activities. Publications include conference proceedings, monographs, data
compilations, handbooks, soutcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION PUBLICATIONS: In
nology used by NASA that may be of particular interest in commercial and other
non-aerospace applications. Publications include Tech Briefs, Technology

Utilization Reports and Notes, and Technology Sutveys.

Lnsicantime
formation on tech-

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

UTICS AND SPACE ADMINISTRATION

1

Washington, D.C. 20546

o,



